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Summary  
Calcium pyrophosphate dihydrate (CPPD) and basic calcium phosphate (BCP) crystals [hydroxyapatite (HA), 
octacalcium phosphate, tricalcium phosphate] are common in osteoarthritis knee effusions, and are often associated 
with low-grade synovial proliferation and inflammation. Calcium-containing crystals including HA, are known to have 
a number of biologic effects on culture cells such induction of mitogenesis, timulation of Prostaglandin E2 (PGE2) 
production via the phospholipase A2/cyclo-oxygenase pathway, activation of phospholipase C and inositol phospholipid 
hydrolysis, induction of metalloproteinase synthesis and induction of proto-oncogenes (c-fos and c-myc). While 
endocytosis ofHA particles is prerequisite of the mitogenic effect of calcium-containing crystals in fibroblasts, it is 
not known whether endocytosis  required for crystal-induced metalloproteinase synthesis. In the present series of 
experiments, we examine the effect of three different sizes (106, 46, and 17 pm mean diameters) well-characterized 
spherical HA particles on the induction of mitogenesis and metalloproteinase synthesis on human fibroblasts. We 
showed that endocytosis  required for HA particles to induce synthesis of metalloproteinases. 
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Int roduct ion 
CALCIUM pyrophosphate dihydrate (CPPD) and 
basic calcium phosphate (BCP) crystals [hydroxya- 
patite (HA), octacalcium phosphate, tricalcium 
phosphate] are common in osteoarthritis knee 
effusions, and are often associated with low-grade 
synovial prolifel"ation and inflammation [1]. The 
presence of BCP crystals correlates trongly with 
radiographic evidence of cartilaginous degener- 
ation and is associated with larger joint effusions 
when compared with joint fluid from osteoarthritic 
knee without BCP crystals [2]. They are uniformly 
present in a distinctive destructive arthropathy 
predominantly affecting the shoulders and knees 
called Milwaukee shoulder syndrome and charac- 
terized by synovial proliferation ar/d widespread 
loss of intra-synovial collagenous tructures [3]. 
CPPD crystals are associated with the acute 
inflammatory symptoms of pseudogouts as well as 
Submitted 2 May 1996; accepted 1 July 1996. 
This work is partially supported by a USPHS grant AR 38421-06 
and a grant from ConvaTec (Racine, Wisconsin). 
Address correspondence to: Dr H. S Cheung, Division f 
Rheumatology, Medical College of Wisconsin, 9200 W. 
Wisconsin Ave., Milwaukee, Wl 53045, U.S.A. 
joint degeneration [4]. Therefore, art icular cal- 
cium-containing crystals deposition often accom- 
panies joint destruction. 
Calcium-containing crystals [<20 ~M] such as 
BCP and CPPD in concentrations found in human 
joint fluid, stimulate fibroblasts, synovial cells, 
and chondrocytes mitogenesis n vitro by a process 
similar to that of platelet-derived growth factor 
(PDGF) [5]. Moreover, BCP crystals and PDGF 
share other biologic effects, such as stimulation of 
prostaglandin E2. (PGE2) production via the 
phospholipase A2/cyclo oxygenase pathway [6], 
activation of phospholipase C and inositol phos- 
pholipid hydrolysis [7], induction of collagenase 
and~Str0metysin ynthesis [8-10] and induction of 
proto-oncogenes (c-fos and c-myc) [11, 12]. 
While endocytosis of BCP particles is a 
prerequisite for the mitogenic effect of calcium- 
containing crystals in fibroblasts [13], it is not 
known whether endocytosis required for crystal- 
induced metalloproteinase ynthesis. In the pre- 
sent series of experiments, we examine the effect of 
three different sizes (106, 46, and 17 ~m mean 
diameter) of well characterized spherical HA par- 
ticles on their abilities to induce mitogenesis and 
metalloproteinase synthesis on human fibroblasts. 
145 
146 Cheung et al. :  Effect of particle s ize  in  crystal-induced protease synthes is  
Material and Methods 
Tritiated thymidine (5 Ci/mmole) and ECL 
Western blotting detection reagents were from 
Amersham (Arlington Heights, IL, U.S.A). Alpha 
labeled [~2P]-dATP (3000 Ci/mmole) was from ICN 
(Irvine, CA, U.S.A). Fetal bovine serum (FBS, 
Hank's buffered saline solution and Dulbecco's 
modified Eagle's medium (DMEM) were supplied 
by GIBCO Laboratories (Grand Island, NY, 
U.S.A.). All other chemicals and latex beads of 
three different sizes (6.4 ~m, 25.7 ~m and 90.7 pm 
mean diameter) were purchased from Sigma 
(Sigma, St. Louis, MO, U.S.A.) 
Three lots of HA particles of different size ranges 
were obtained commercially. Lot A (106 pm mean 
diameter) was obtained form C.A.M. Implants 
(Leiden, Netherland). Lot B (46 pm mean diameter) 
and Lot C (17 pm mean diameter) were products of 
CeraMed Co. (Lakewood, CO, U.S.A.). All three 
lots of HA were further characterized. Density was 
measured with a helium pycnometer, Quan- 
tachrome multipycnometer and BET 5-point 
specific surface areas were measured using 
krypton gas in a quantachrome Autosorb instru- 
ment (Quantachrome Co. Romeoville, IL, U.S.A.). 
Calcium:phosphorus molar ratios were determined 
by X-ray fluorescence spectrometer as fused glass 
disks. Arsenic, cadmium, mercury, and lead 
impurities were measured with a VG PlasmaQuad 
inductively coupled plasma mass spectrometer 
(.Coors Analytical, Golden, CO, U.S.A.). Results of 
analysis for individual elements and for heavy 
metals indicated values below the requirements set 
out in the American Society for Testing and 
Materials Specification F 1185-88. 
Particle size distribution were taken on a 
Malvern laser diffraction instrument. Lot A was 
95% finer than 151 pro, 95% larger than 75 pm, 
with a mean diameter of 106 pm. Lot B was 95% 
finer than 63 pm, 95% larger than 35 ~m, with a 
mean diameter of 46 pro. Lot C was 95% finer than 
32 ~m, 95% larger than 9 ~m, with a mean diameter 
of 17 pm. Upon microscopic inspection, it was clear 
that a significant fraction of Lot C was substan- 
tially finer than was seen in the measurement. 
Particulate as fine as 0.5 pm could be seen. The 
instrumental results were apparently due to 
agglomeration of fine particles, in spite of the use 
of surfactant and sonication of the particulate 
slurry. No fines less than 40 pm and 30 pm were 
microscopically observed in samples of Lot A and 
Lot B, respectively. 
X-ray diffraction patterns were taken on a 
diffractometer (Rigaku Geigerflex, Tokyo, Japan) 
using nickel filtered copper Ks radiation from 
10-65 ° 20 at a rate of 0.05°/s. Results were 
compared with the Joint Commission on Power 
Diffraction Standard card # 9-432 file for identifi- 
cation. The peaks characteristic of HA were 
present. No evidence was detected for other 
calcium phosphate phases, other calcium or 
phosphate crystalline impurities, or significant 
amorphous phases. 
The infrared transmission spectra of HA speci- 
mens were taken as dilute mixtures in pressed KBR 
pellets with Nicolet 5DX interferometer (Madison, 
WI, U.S.A.). Characteristic HA absorbance peaks 
were noted, including the O-H stretch at 3570/cm 
and the O-H librational mode at 631/cm. No 
evidence was observed of other cMcium phosphate 
phases carbonate, or any other impurities. 
Circularity of the particulate was measured with 
image analysis. Image analysis was performed 
using the Nikon Labophot 2 microscope with a 10 
times objective. The image was taken by a Javelin 
Chromachip II video cameral and stored on a 
Targa ÷ 16/21 color video frame grabbe r board in a 
microcomputer. The images were anMyzed using 
Image-Pro Plus software. Due to the agglomeration 
noted in Lot C, it was not possible to obtain images 
susceptible to this analysis. Circularity is defined 
as  
2*(A/~)l/2/Dgax 
where A is the measure cross-sectional rea of the 
particle and DMax is the straight line of maximum 
length connecting two points on the image 
perimeter and passing through the mass centroid. 
BCP crystals were prepared by alkaline hydroly- 
sis of brushite using a modification of the method 
of Bett et al. [14]. These crystals had a cal- 
cium:phosphate ratio of 1.59, and contained mainly 
partially carbonate-substituted HA mixed with 
octacalcium phosphate by FTIR spectroscopy. BCP 
crystals were crushed in an agate mortar and 
sieved to yield (<10 ~m) aggregates which were 
sterilized and rendered pyrogen-free by heating at 
200°C for 90 min. 
CELL CULTURE 
Human foreskin fibroblasts [HF] cultures were 
established from explants and transferred. They 
were grown and maintained in DMEM sup- 
plemented with 10% FBS containing penicillin and 
streptomycin. All experiments were performed on 
confluent cell monolayers that had been rendered 
quiescent by removing the medium, washing with 
DMEM alone Or DMEM containing 0.5% FBS and 
subsequently incubating in this medium for 24 h. 
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all cultures used were third- or fourth-passage 
cells. 
cDNA PROBES 
Northern blot analysis of stromelysin gene 
induction was performed utilizing a 1.7 kb EcoR1 
insert from the pTR1 plasmid [15] kindly provided 
by Dr Lynn Matrisian (Vanderbilt University, 
Nashville, TN, U.S.A.). The collagenase probe, a 
2.05 kb HindIII/SmaI insert from the pCllase 1 
clone was obtained from the American Type 
Culture Collection [16]. The plasmid containing 
glyceraldehyde-3-phosphate dehydrogenase 
(GAPD) cDNA [17] came from the American Type 
Culture Collection. Probes were randomly primed 
using kits from Boehringer Mannheim (Indiana- 
polis, IN, U.S.A.). 
COLLAGENASE ASSAY 
Col lagenase activity was  determined by measur-  
ing the release of [3H]-proline-labeled collagen 
peptides f rom reconstituted fibril as described by 
Harr is et al. [18]. Latent  col lagenase in the 
condit ioned med ium was  activated with 10mM 
amino-phenyl -mercur ic  acetate (APMA) .  Results 
were  expressed in units/ml (i unit = 1 pg collagen 
degraded/h at 37°C) ± 1 SD. 
Results  
The results of characterization f Lot A, B, and 
C HA particles are summarized in Table I. While 
the physical and chemical characteristics were 
similar, the size of the particles differed. The size 
distribution of HApart ic les are summarized in Fig. 
1 and the mean diameters of the HA particles were 
106, 46 and 17~m for the Lot A, B, and C 
respectively. 
Light microscopy confirmed that the Lot A and 
B particles (106 and 46 ~m) were too large for 
fibroblasts to phag0cytose [Fig. 2(a) and (b)]. The 
Lot C particles [17 pm] comprised of a significant 
Table I. 
Physical and chemical properties of the three Lots (A, B, 
and C) of hydroxyapatite particles. 
Lot A B C 
Density (g/cc) 3.04 3.11 3.13 
Ca/P 1.68 1.69 1.68 
Surface area (m2/g) 0.032 0.127 0.170 
Circularity 0.93 0.96 - -  
Crystalline phase HA HA HA 
IR spectrum HA HA HA 
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Fro. 1. Size distribution of the HA particles in Lot A, B, 
and C. 
fraction finer than 9 pm mean diameter particles. 
A large number of these smaller particles [Fig. 2(c)] 
and BCP crystals were internalized by cells [Fig. 
2(d)]. As compared with the positive controls 
(50 ~g/ml and 100 ~g/ml BCP crystals), the two 
larger size particles (106 and 47pm) did not 
stimulate any [~H]-thymidine incorporation above 
control even at concentrat ion up to 1000 8g/ml. 
While the smaller particles [17 pm] stimulated a
dose-dependent increase in [3H]-thymidine incor- 
poration in HF (Fig. 3). 
A series of experiments was performed to 
examine whether the three different sizes of HA 
particles induced accumulation of collagenase and 
Table II. 
Induction of accumulation of collagenase activity in 
fibroblasts by different sizes of HA particles and latex 
beads. 
Samples Collagenase units/ml* 
Control (untreated culture) < 0.1 
BCP crystals 5.6 ± 1.9 
106 pm HA < 0.1 
46 ~tm HA < 0.1 
17 pm-~A 2.7 + 1.4 
90.7 pm latex beads < 0.1 
25.7 mm latex beads 0.3 _+ 0.1 
6.4 pm latex beads 2.9 ± 0.9 
Confluent cultures of human fibroblasts in 100 mm 
plates were incubated in DMEM for 24 h and were then 
stimulated with: (a) control (DMEM media only); (b) 
BCP crystals (50 pg/ml); (c) 106 pm HA (1000 pg/ml); (d) 
46 ~tm HA 1000pg/ml; (e) 17 pm HA (1000~tg/ml); (f) 
90.7 pm latex beads (500 pg/ml); (g) 25.7 ~m latex beads 
(500 ~ml/ml); (h) 6.4 ~m latex beads (50 yg/ml) 96. The 
experiment was terminated after 48 h, the conditioned 
medium was collected and assayed for collagenase 
activity. *N= 4 ± SD 
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FIG. 2. Light micrographs of three different size of HA particles in human fibroblast cultures (magnification: ×200). 
Quiescent cells were stimulated with HA particles (1000 ~g/ml) from Lot A, B, C and BCP crystals (50 ~g/ml). 
Micrographs were taken 24 h after addition. (a) Lot A (106 ~m mean diameter); (b) Lot B (46 ~m mean diameter); (c) 
Lot C (17 ~m mean diameter) and (d) BCP crystals. 
stromelysin mRNA above the control levels 
(quiescent cells incubated in 0.5% FBS). Even with 
doses up to 2000 ~g/ml, the larger sizes particles 
(106 and 46 ~m) did not have any effect on the 
mRNA levels of both metalloproteinases in 
f ibroblasts, while the 17~m particles induced 
significant levels of mRNA of both enzymes at 
1000 ~g/ml and 2000 ~g/ml. For brevity, we only 
show the Northern blot that compared the effect of 
three different sizes of HA particles on enzyme 
induction with that of positive (BCP crystals) and 
negative untreated controls. The 17 pm particles 
(1000 ~g/ml) and BCP crystals (50 ~g/ml) induced 
significant increases in collagenase and 
strometysin mRNA levels in cells in 24 h [Fig. 4(a) 
and (b)]. The GAPD mRNA analysis was to ensure 
equivalent quantities of total mRNA were used in 
each lane [Fig. 3(c)]. 
Table II summarized the collagenase activity in 
conditioned medium of fibroblasts timulated with 
three different sizes of HA particles and latex 
beads. Only the 6.4~m latex beads, 17~m HA 
particles and BCP crystals induced significant 
amounts of collagenase activity, confirming that 
small, endocytosable particles induced cells to 
secret measurable collagenase activity in the 
extracellular matrix. 
Discuss ion  
CPPD and BCP crystals are common in 
osteoarthritis knee effusions and are often associ- 
ated with low-grade synovial proliferation and 
inflammation [1]. The Presence of BCP crystals 
correlates trongly with radiographic evidence of 
carti laginous degeneration and is associated with 
larger joint effusions when compared with joint 
fluid from osteoarthritic knee without BCP 
crystals [2]. Degradation of the matrix molecules 
such as collagen and proteoglycans, may result, at 
least in part, from the metalloproteinase activities 
induced by the crystal stimulation of synovial 
cells. Synovial proliferation is also observed in 
joints containing BCP and CPPD crystals, pre- 
sumably resulting from the mitogenic properties of 
these crystals. 
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Stimulation of [3H]-thymidine incorporation i to 
mouse 3T3 cells by precipitates of calcium 
phosphate and calc ium pyrophosphate has been 
reported by a number of investigators [19-21]. 
Growth stimulation also occurred with BCP, 
calcium pyrophosphate dihydrate, calcium urate, 
calcium sulfate, and calcium carbonate [22, 23]. 
Both onset and peak [~H]-thymidine incorporation 
induced by these crystals was delayed 2-3h 
compared with cells stimulated with serum. This 
lag may in part represent time required for 
phagocytosis and dissolution of crystals. The 
mitogenic effect of the calcium-containing crystals 
was not the result of increased ambient medium 
calcium concentrat ion from crystal dissolution 
because conditioned medium from cells exposed to 
and dissolving BCP crystals did not stimulate 
[3H]-thymidine incorporation by fibroblasts [23]. 
The requirement for phagocytosis following 
cell-crystal interaction was suggested by exper- 
iments in which cells were exposed to 4~Ca-labeled 
BCP crystals and [3H]-thymidine. Cells containing 
BCP crystals were separated by gradient centrifu- 
gation and found to have incorporated signifi- 
cantly more [SH]-thymidine than those without 
crystals [13]. Studies of the sequence of events 
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FIG. 3. Effects of three different sizes of HA particles on 
mitogenic response in human fibroblasts. Quiescent cells 
were stimulated with BCP crystals (positive control), 
untreated samples (0.5% FBS) and the various concen- 
tration of HA particles. [3H]-thymidine (1 ~Ci/ml) was 
added to the wells 23 h stimulation, for I h. At the 
conclusion of experiments, cells were washed three times 
with PBS, and macromolecules were precipitated with 
5% TCA. The precipitate was washed again with PBS 
and dissolved in i ml 0.1 N NaOH/0.1% SDS. TCA-precip- 
itable radioactivity was determined in a liquid scintil- 
lation counter. [~BCP crystal (50~g/ml); []Lot A; ~]Lot 
B; RLot C; Control. The TCA-precipitate radioactivity 
in Control, untreated culture (not shown in the figure) 
were 1125 _+ 179 pcm well. 
Coil 
Strom 
GAPD 
FIG. 4. Induction of accumulation of collagenase and 
stromelysin mRNA by different sizes of HA particles. 
Confluent cultures of human fibroblasts in 100 mm plates 
were incubated in DMEM for 24h and were then 
stimulated with: (a) control (DMEM media only); (b) 
BCP crystals (50 ~tg/ml); (c) 106 ~m HA (1000 ~tg/ml); (d) 
46 ~m HA 1000 ~g/ml; (e) 17 ~m HA (1000 ~g/ml). All 
plates were harvested after 24 h and total RNA was 
isolated [36]. Northern blot analysis [37] was performed 
using.specific cDNA probe for collagenase, followed by 
autoradiography. The collagenase probe was removed by 
washing and the blot was reprobed with a specific DNA 
for stromelysin. The stromelysin probes were then 
removed by washing and the blot was reprobed with a 
GAPD cDNA to ensure analysis of similar quantities of 
total mRNA under each condition. 
indicate that phagocytosis precedes dissolution. In 
cultured macrophages inhibition of crystal endocy- 
tosis with cytochalasin B inhibited crystal dissol- 
ution [24]. Calcium-containing crystals are acid 
soluble and intracellular crystal dissolution likely 
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occurs in the acidic environment of phagolyso- 
somes. Lysosomotropic agents, chloroquine and 
NH4C1, which raise lysosomal pH, significantly 
inhibited the mitogenic effect of BCP crystals and 
simultaneously diminished crystal dissolution [25]. 
This was not a nonspecific effect of the two agents 
on mitogenesis because fibroblasts exposed to the 
same concentration of these agents remained fully 
responsive to mitogenic stimulation by serum. 
These results strongly suggest a sequence of 
cell-crystal contact followed by endocytosis, 
intracellular crystal dissolution, and activation of 
a signal for mitogenesis. 
In a similar study on the effect of HA particles 
of various sizes on the induction of cell prolifer- 
ation, Gregoire et al.  [26] showed that the presence 
of HA particles stimulated cell proliferation and 
DNA synthesis on three fibroblastic cell lines 
(human gingiva fibroblasts, human bone cells and 
L929). This stimulation was dependent on particle 
sizes with the smallest < 5 pm particle size being 
the most potent and > 50 pm particle size the least 
potent. Unfortunately, few details were given in 
methodologies as to how the HA particles were 
sized and characterized. Similar to HA particles of 
Lot C (17~tm, mean diameter), their (>50pm) 
samples probably contained a fair amount of 
smaller particles that may have accounted for the 
small but significant induction of DNA synthesis 
in their cell lines. Gregoire et al. [26] also 
concluded that endocytosis and intracellular 
dissolution were important in HA particle-induc- 
tion of cell proliferation. 
The calcium phosphate particle induction of 
fibroblasts proliferation is dependent on cell 
density [27, 28]. Burke and Cheung [29] reported 
that calcium phosphate particles and PDGF both 
stimulated confluent, density arrested cultures of 
HF but not in subconfluent cultures. Similar 
observations were reported by Evan and cowork- 
ers [30, 31]. Fine groun d powders of HA applied to 
sparsely seeded fibroblasts culture [50 000 cells/ 
cm 2] reduced the total growth and mitotic rate of 
the cells. 
The present study offers the first evidence for the 
requirement of endocytosis of calcium phosphate 
particles for the induction of metalloproteinase 
(collagenase and stromelysin) synthesis and con- 
firms the earlier observations that endocytosis 
of calcium phosphate particles is required by 
mitogenesis (Fig. 1 and 2). The small but 
significant induction of metalloproteinase yn- 
thesis and [3H]-thymidine incorporation by Lot C 
Particles (17pm mean diameter) is most likely 
due to the contaminating smaller particles (Fig. 1 
and 3). 
While endocytosis of calcium phosphate par- 
ticles is required for the induction of mitogenesis 
and metalloproteinase synthesis, the mechanism of 
induction is probably different. Addition of 
non-calcium-containing particles such as latex 
beads or diamond dust [23, 32] did not elicit 
mitogenic responses. Monosodium urate monohy- 
drate crystals were weakly mitogenic but much 
less so than calcium urate, suggesting that the 
calcium content of crystals is an important 
parameter for mitogenesis [23]. Latex beads (Table 
II) [33] and monosodium urate crystals [34] 
stimulated fibroblast cultures to synthesize and 
release collagenase and neutral proteinases. More- 
over, the lysosomotropic agents (chloroquine and 
NH4CI), which significantly inhibited the BCP 
crystal-induced mitogenesis, had little (if any) 
effect on the BCP crystal-induced collagenase 
synthesis and release. These data suggested that 
neither the calcium content of the particles nor an 
increase in intracellular calcium level from 
dissolution of calcium-containing particles are 
required for the induction of metalloproteinase 
synthesis [35]. The exact mechanism of enzyme 
induction is still unclear, and is presently under 
active investigation i  our laboratory. 
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